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Electrospray ionization (ESI) mass spectrometry (MS) in both the positive and negative ion
mode has been used to study protein unfolding transitions of lysozyme, cytochrome c (cyt c),
and ubiquitin in solution. As expected, ESI of unfolded lysozyme leads to the formation of
substantially higher charge states than the tightly folded protein in both modes of operation.
Surprisingly, the acid-induced unfolding of cyt c as well as the acid and the base-induced
unfolding of ubiquitin show different behavior: In these three cases protein unfolding only
leads to marginal changes in the negative ion charge state distributions, whereas in the positive
ion mode pronounced shifts to higher charge states are observed. This shows that ESI MS in
the negative ion mode as a method for probing conformational changes of proteins in solution
should be treated with caution. The data presented in this work provide further evidence that
the conformation of a protein in solution not its charge state is the predominant factor for
determining the ESI charge state distribution in the positive ion mode. Furthermore, these data
support the hypothesis of a recent study (Konermann and Douglas, Biochemistry 1997, 36,
12296–12302) which suggested that ESI in the positive ion mode is not sensitive to changes in
the secondary structure of proteins but only to changes in the tertiary structure. (J Am Soc
Mass Spectrom 1998, 9, 1248–1254) © 1998 American Society for Mass Spectrometry
Electrospray ionization (ESI) mass spectra (MS) ofproteins recorded in the positive ion mode typi-cally show a number of peaks that correspond to
protein ions in different protonation states. This ESI
charge state distribution is often used to characterize
the three-dimensional conformation of the polypeptide
chain in solution. An unfolded protein in solution leads
to the formation of higher charge states than the same
protein in its native, tightly folded conformation. This
has been confirmed for various proteins and different
denaturing agents such as acid [1–5], heat [6–8], and the
reduction of intramolecular disulfide bonds [9, 10]. The
physical basis for this relationship is still unknown. It
has been ascribed to changes in the steric accessibility of
possible protonation sites and alterations of their spe-
cific pKa values [1, 2, 9] as well as to the increased
surface area of the unfolded polypeptide chain [11]. In
the absence of conformational changes, the ESI charge
state distributions of proteins are known to undergo
only very minor changes even when the solvent condi-
tions are changed substantially by the addition of acid
or organic solvents [12]. Recent data indicate that the
ESI charge state distribution might be a selective probe
for monitoring changes in the tertiary structure of
proteins, whereas changes in the secondary structure
have only minor effects [13]. Another interesting aspect
of ESI MS is that it can be used to distinguish between
two-state and multistate unfolding transitions [12]. The
newly developed method of “time-resolved” ESI MS
allows monitoring the kinetics of protein folding [14,
15] and enzymatic reactions [16].
Operation of the ESI source in the negative ion mode
leads to multiply negatively charged protein ions via
proton abstraction [17]. In a number of studies negative
ESI MS has been used to study folding and unfolding
transitions of proteins in solution [17–22]. In these
studies the occurrence of effects similar to those in the
positive ion mode was observed, i.e., the unfolded
states lead to the formation of higher (in this case: more
negative) charge states than the native state of a protein.
Previous studies have shown that the charge state of an
analyte in solution does not dictate the mode of opera-
tion for the ESI source: ESI can generate positive ions
from negatively charged amino acids and proteins in
solution and vice versa [23–25]. The mechanism of ion
formation under such reverse polarity conditions is still
a matter of debate (see the discussion in [23] and
references therein). However, these and other observa-
tions clearly show that the charge state distribution
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generated during ESI is far from a direct reflection of
the solution charge pattern [26–28].
It appears that most of the ESI MS studies on protein
folding reported in the literature have been conducted
under conventional polarity conditions. For example
the unfolding of basic or neutral proteins is commonly
studied in the positive ion mode, whereas for folding
studies on acidic proteins the negative ion mode is often
used. This work investigates whether positive and
negative ion ESI MS are equivalent methods for moni-
toring conformational changes of proteins. It is shown
that for a number of cases protein unfolding leads to
only marginal changes in the negative ion charge state
distribution, whereas dramatic alterations are observed
in the respective positive ion spectra. It is also shown
how base-induced unfolding transitions manifest them-
selves in the ESI charge state distribution. The data
presented here strongly support the hypothesis [13] that
ESI in the positive ion mode is not sensitive to changes
in the secondary structure of proteins but only to
changes in the tertiary structure.
Experimental
Ubiquitin, horse heart cyt c, hen egg white lysozyme,
and 1,4 dithiothreitol (DTT) were purchased from
Sigma (St. Louis, MO). HPLC grade methanol, hydro-
chloric acid, ammonium acetate, and ammonium hy-
droxide were obtained from Fisher Scientific (Nepean,
ON). Prior to measurements the ubiquitin and ly-
sozyme stock solutions were extensively dialyzed
against water containing ammonium acetate (1 and 5
mM, respectively). Cyt c was used without further
purification. Disulfide bonds in lysozyme were reduced
by the following procedure: Lysozyme (0.1 mM) was
incubated with DTT (10 mM) overnight at room tem-
perature. Subsequently the mixture was heated to 60 °C
for 30 min. This procedure seems to be more effective
than the methods suggested in [9, 24] which most likely
lead to incomplete reduction of the protein. For mass
spectrometric analysis DTT was not removed from the
solution. For ESI MS and circular dichroism (CD) mea-
surements the protein concentration was 10 mM and the
solvents contained 1 mM ammonium acetate. The pH of
the solutions was measured with a accumet pH elec-
trode (model 15, Fisher Scientific). As in previous
studies [7, 13, 29, 30], the reported pH values were not
corrected for the influence of methanol. Protein ions
were generated by pneumatically assisted ESI at a
liquid flow rate of 5 mL/min and analyzed on a
quadrupole mass spectrometer constructed in house
[13, 15]. All the positive ion spectra were recorded
under virtually the same conditions (voltages, gas flow
rates, etc.). The same is true for the negative ion spectra.
The ESI source was operated at 14500 V in the positive
ion mode and 23000 V in the negative ion mode. The
corresponding voltage differences between orifice and
rf-only quadrupole (“declustering voltage”) were 150
and 2100 V, respectively. Control experiments carried
out at various values of pH confirmed that these voltage
differences are low enough to prevent collision-induced
dissociation in the interface region of the mass spec-
trometer [31, 32]. In either case the declustering voltage
could be decreased by a factor of 3 without changing
the maximum of the charge state distribution. However,
the peaks recorded under these conditions had very low
intensity and showed pronounced tailing to the high
mass side, most likely caused by incomplete desolva-
tion of the protein ions. Previous studies have shown
that possible pH changes in the bulk solvent, caused by
the electrolytic oxidation of water [33], are negligible for
the type of experiments described in this work, even for
the extremely low buffer concentrations used here [13,
15]. CD spectra were measured with a spectropolarim-
eter (model J-720, JASCO, Tokyo, Japan) with a cuvette
of 1 mm optical pathlength. The measured ellipticities
were normalized as described in [34]. All measurements
were carried out at room temperature (21 6 1 °C).
Results
Unfolding of Lysozyme by Reduction of its
Disulfide Bonds
The native conformation of lysozyme involves an ex-
tended b sheet as well as a-helical regions. This struc-
ture is stabilized by four intramolecular disulfide bonds
[35]. It has been shown previously that reductive cleav-
age of these bonds by DTT leads to significant changes
in the ESI charge state distribution [9] which clearly
indicate a substantial unfolding of the protein in solu-
tion [2, 12, 13]. ESI mass spectra recorded in the positive
ion mode of lysozyme in water/methanol (50:50 v/v)
with 0.5% acetic acid (pH 3.0) are depicted in Figure 1.
Figure 1A shows the spectrum of nonreduced lysozyme
which has a narrow charge state distribution with a
maximum at 101. The unfolded, DTT-reduced form of
the protein shows a much broader charge state distri-
bution with a main maximum at 171 (Figure 1B). The
minor maximum at 101 indicates the presence of some
residual tightly folded protein in solution. Similar ef-
fects of disulfide reduction on the ESI mass spectra of
lysozyme in the positive ion mode have been reported
previously [9, 24]. The reduction of lysozyme also leads
to substantial changes in the negative ion charge state
distribution. Under these conditions the nonreduced
protein shows an ESI mass spectrum with a maximum
at 62 (Figure 1C), whereas reduced lysozyme shows a
maximum at 92 (Figure 1D). The spectrum of the
nonreduced protein has a relatively poor quality be-
cause of low ion count rates and a pronounced tailing of
the peaks which is most likely because of unresolved
solvent clusters. In a previous study Kelly et al. [24]
encountered similar problems. They could not record a
mass spectrum of nonreduced lysozyme in the negative
ion mode. Their spectrum for reduced lysozyme shows
a charge state distribution that is similar to the one in
Figure 1D.
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Acid-Induced Unfolding of Cyt c
The positive-ion ESI mass spectrum of cyt c in water
(3% methanol, 1 mM ammonium acetate) at pH 6.4
shows a relatively narrow charge state distribution with
71 and 81 being the most intense peaks (Figure 2A).
Under these solvent conditions cyt c is known to adopt
its native, tightly folded conformation in solution [13]
which is characterized by a relatively high (45%) con-
tent of a-helical secondary structure [36]. Addition of
acetic acid to a final pH of 2.4 induces substantial
unfolding of the protein in solution which is accompa-
nied by dramatic changes in the ESI mass spectrum: A
broad charge state distribution with a maximum at 161
is observed (Figure 2B). Very similar data have been
published previously [2, 3, 12, 13, 15, 37, 38]. The ESI
mass spectrum generated from native cyt c in the
negative ion mode (pH 6.4) is depicted in Figure 2C. It
shows a total of three charge states with a maximum at
52. Surprisingly, a very similar negative-ion charge
state distribution is generated for the acid-unfolded
form of the protein at pH 2.4. The relative intensity of
the 62 peak is reduced but the maximum of the charge
state distribution remains at 52 (Figure 2D). The dra-
matic changes in the charge state distribution that
accompanied the unfolding of cyt c in the positive ion
mode are not seen in the negative ion mode.
Acid and Base-Induced Unfolding of Ubiquitin
The native structure of ubiquitin is extremely compact
and tightly hydrogen bonded. It has a marked hydro-
phobic core that is formed between five strands of b
sheet and an a helix [39]. This native structure is
remarkably stable towards extremes of pH, heat, gua-
nidinium hydrochloride, and the addition of organic
solvents [40–42]. However, it has been shown that
ubiquitin can be unfolded by the cumulative effects of
low pH and methanol [40–46].
ESI mass spectra of ubiquitin in methanol/water
(60:40 v/v) were recorded over a wide range of pH. In
the positive ion mode the acid-induced unfolding of
this protein is characterized by pronounced changes in
the ESI mass spectrum: The tightly folded conformation
at pH 7.2 (Figure 3A) and the acid-unfolded conforma-
tion at pH 2.0 (Figure 3B) are characterized by charge
state distributions having their maxima at 61 and 111,
respectively. These spectra are very similar to earlier
data from the literature [40, 47].
Figure 3C demonstrates that an increase of pH to the
basic range by the addition of ammonium hydroxide
also leads to significant changes in the positive charge
state distribution. The observed effects are qualitatively
similar to those observed for the acid-induced unfold-
ing, i.e., the spectrum broadens and the maximum is
shifted to higher charge states. The maximum of the
positive ion spectrum recorded at pH 11.7 is at 81.
Apparently these effects are caused by an unfolding
transition of ubiquitin in the basic pH range. The
occurrence of this unfolding transition can be confirmed
independently by optical spectroscopy (see below). This
appears to be the first report of a base-induced unfold-
ing transition observed by positive ion ESI MS.
Figure 3D–F shows ESI mass spectra of ubiquitin at
pH 2.0, 7.2, and 11.7 in the negative ion mode. Through-
out this whole range very similar charge state distribu-
tions were observed. These all showed a maximum at
52. Only a very slight increase in the intensity of higher
Figure 1. ESI mass spectra of lysozyme in a mixture of water and
methanol (50:50 v/v) containing 0.5% acetic acid. (A) Nonreduced,
positive ion mode; (B) reduced with DTT, positive ion mode; (C)
nonreduced, negative ion mode; (D) reduced with DTT, negative
ion mode. Some peaks are labeled according to the charge states of
the respective protein ion.
Figure 2. ESI mass spectra of cyt c in water containing 3%
methanol recorded at different pH and under different ionization
conditions. (A) pH 6.4, positive ion mode; (B) pH 2.4, positive ion
mode; (C) pH 6.4, negative ion mode; (D) pH 2.4, negative ion
mode. In (B) and (D) the pH was adjusted by the addition of acetic
acid.
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charge states is observed for the spectra recorded at pH
2.0 and 11.7, respectively. Neither acid nor base-in-
duced unfolding of the protein results in substantial
changes of the charge state distribution. This is in
marked contrast to the effects seen in the positive ion
mode (Figure 3A–C).
CD spectroscopy is commonly used to monitor con-
formational changes of proteins in solution. The far
ultraviolet region of a CD spectrum (i.e., the wave-
length range below 250 nm) is commonly regarded as a
selective probe for changes in the secondary structure of
proteins [48–50]. Here CD spectroscopy is used to
monitor conformational transitions of ubiquitin under
the same solvent conditions that were used in the ESI
MS experiments. Spectra recorded at pH 2.0, 7.2, and
11.7 are depicted in Figure 4. The presence of an
unfolding transition in the basic pH range is confirmed
by substantial changes in the CD spectrum when the
pH is increased from 7.2 to 11.7. We are not aware of
any previous studies on this unfolding transition. Qual-
itatively similar, yet even more pronounced changes in
the CD spectrum accompany the well known unfolding
transition in the acidic pH range. The spectra recorded
at pH 7.2 and 2.0 are very similar to previous data from
the literature [40]. The strong negative CD signals
around 222 nm observed for both the acid and the
base-denatured state show that the protein does not
adopt a random coil conformation but retains a high
degree of secondary structure under these conditions
[13, 48–50]. However, the marked changes in the CD
spectra as a function of pH indicate that the secondary
structure elements found in the two denatured states
probably differ from those of the protein at neutral pH.
Discussion
Differences Between Positive and Negative-Ion
Charge State Distributions
Negative-ion ESI MS has been used to study the specific
interactions between metal ions and their respective
metal binding proteins [18–21]. It was observed that the
binding of metal ions leads to the formation of lower
(i.e., less negative) charge states of the respective bind-
ing proteins. As in positive-ion ESI MS, these changes in
the charge state distribution were related to conforma-
tional transitions in solution, i.e., from an unfolded
apoprotein to a tightly folded metal–protein complex. It
has been demonstrated that conformational changes of
metal-binding proteins can also be monitored by posi-
tive ion ESI MS [21, 51–53]. As in the negative ion mode,
the formation of tightly folded metal–protein com-
plexes is accompanied by the formation of lower charge
states. Veenstra et al. [21] complemented their ESI MS
data by optical spectroscopy and provided convincing
evidence that the changes seen in the positive and
negative ion mode reflect alterations of the solution
protein structure and are not a direct result of metal ion
binding to the protein. Negative ion ESI MS was also
used to probe unfolding transitions that do not involve
the binding of metal ions such as the DTT-induced
unfolding of b-lactoglobulin [22] and the base-induced
unfolding of pepsin [17].
Figure 3. ESI mass spectra of ubiquitin at different pH and under
different ionization conditions in a mixture of methanol/water
(60:40 v/v). (A) pH 7.2, positive ion mode; (B) pH 2.0, positive ion
mode; (C) pH 11.7, positive ion mode; (D) pH 7.2, negative ion
mode; (E) pH 2.0, negative ion mode; (F) pH 11.7, negative ion
mode. The pH of the solutions was adjusted by addition of
hydrochloric acid or ammonium hydroxide, respectively.
Figure 4. CD spectra of ubiquitin in methanol/water (60:40 v/v).
Open circles: pH 7.2; solid circles: pH 11.7 (adjusted by addition of
ammonium hydroxide); open triangles: pH 2.0 (adjusted by the
addition of hydrochloric acid).
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In accord with these previous findings, the data in
Figure 1 show that the unfolding of lysozyme has
pronounced effects on the ESI charge state distributions
in both the positive and negative ion mode. In either
case the unfolded conformation of the protein leads to
the formation of higher charge states than the protein in
its native conformation. Surprisingly, this is not the case
for the acid-induced unfolding of cyt c (Figure 2), the
acid-induced unfolding of ubiquitin, or the base-in-
duced unfolding of ubiquitin (Figure 3). The unfolding
of these proteins leads to dramatic changes in the
positive ion ESI charge state distribution but only very
minor changes are seen in the negative ion mode. These
data demonstrate that negative ion ESI MS as a tech-
nique for monitoring conformational changes of pro-
teins should be treated with caution. The absence of
pronounced alterations in the negative ion charge state
distribution does not necessarily rule out major changes
of the protein conformation in solution.
The reasons for this different behavior are not clear.
In positive ion ESI MS changes in the charge state
distribution have been attributed to the increased acces-
sibility of possible titratable sites [1, 2, 9, 40] and to the
increased surface area of the unfolded state [11]. It
might be expected that these effects would influence the
negative ion charge state distribution in an analogous
way. However, the results here show that the antici-
pated effects are only observed for the unfolding of
some proteins and not for others. One speculative
explanation might be that during negative ion ESI some
unfolded proteins can collapse into a highly compact
conformation which leads to an ESI charge state distri-
bution similar to that of the native state. However, it is
not clear how such a mechanism could be operative for
both acid and base-unfolded proteins in solution. A
more likely explanation might be that the positive and
the negative ion charge state distributions monitor
different structural aspects of proteins in solution. Pos-
itive ion ESI MS appears to be most sensitive towards
changes in the tertiary structure (see [13] and the
discussion below). Possibly negative ion ESI MS is
sensitive to other structural features that change during
the unfolding of lysozyme, but not during the unfold-
ing of ubiquitin and cyt c. To verify this hypothesis
more detailed information regarding the conformation
of various unfolded proteins in solution is required.
Future studies should include experiments on acidic
proteins since the present work only investigated neu-
tral and basic proteins, respectively.
The Positive Ion ESI Charge State Distribution as
a Selective Probe for the Tertiary Structure of
Proteins
A recent study [13] investigated conformational
changes of cyt c under different solvent conditions by
ESI MS in the positive ion mode and by various optical
methods. During the acid-induced unfolding of this
protein only the breakdown of the native tertiary struc-
ture was accompanied by substantial alterations in the
ESI charge state distribution. In contrast, changes in the
secondary structure had very minor effects. Those data
led to the hypothesis that the positive ion ESI charge
state distribution might be a selective probe to monitor
changes in the tertiary structure of proteins [13]. This
hypothesis is supported by the positive ion data for the
acid-induced unfolding of ubiquitin presented in this
work: NMR data indicate that this unfolding transition
leads from a tightly folded conformation with a well
defined secondary and tertiary structure to a so-called
A state which still has pronounced secondary structure
but has lost most of its native tertiary structure (see
[44–46, 54] and references therein). For most small
proteins the highest possible protonation state that can
be generated during ESI roughly coincides with the
total number of basic amino acid side chains (Arg, Lys,
His, and N-terminus) [9]. Hence the highest charge state
that can be expected for ubiquitin is about 131 [39]. The
A state of ubiquitin shows an ESI charge state distribu-
tion peaking at 111 and extending up to 131 (Figure
3B). Therefore this state is almost completely proton-
ated during ESI. The presence of a pronounced second-
ary structure in solution apparently does not have a
substantial protective effect on the possible protonation
sites of ubiquitin under these conditions. In other
words, the formation of higher charge states for the A
state (compared to the tightly folded conformation at
near-neutral pH, Figure 3A) is brought about by the
breakdown of the native tertiary structure. The data
therefore support the hypothesis [13] that ESI in the
positive ion mode is not sensitive to changes in the
secondary structure of proteins but only to changes in
the tertiary structure. In this context it would be inter-
esting to compare the A state to the fully unfolded
conformation of ubiquitin. These two states differ in
their secondary structure, whereas both of them lack a
well defined tertiary structure. If indeed the ESI charge
state distribution is a selective probe for changes in the
tertiary structure, then the A state and the fully un-
folded state should show very similar ESI mass spectra.
Unfortunately, the complete unfolding of ubiquitin
requires solvent conditions that are not amenable to ESI
MS, namely 8M urea or 6M guanidinium hydrochloride
[44].
The proposed selectivity of the positive ion charge
state distribution towards changes in the tertiary struc-
ture can be rationalized in the following way: The
breakdown of tertiary interactions increases the steric
accessibility of basic amino acid side chains for proto-
nation during ESI which were formerly buried inside
the protein [1, 2, 9]. In contrast, the mere presence of
secondary structure elements like a helices and b sheets
does not lead to a substantial reduction in the solvent
accessibility of these side chains [35]. However, this
crude explanation does not take into account factors
like changes in the surface area of the protein [11] and
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alterations in the pKa values of possible protonation
sites [1, 2, 40].
Base-Induced Unfolding of Ubiquitin Monitored by
ESI MS in the Positive Ion Mode
The acid-induced unfolding of proteins in solution is
associated with the protonation of titratable amino acid
side chains. Therefore the changes observed in the
positive ion ESI charge state distributions during the
acid-induced unfolding of a protein qualitatively go
along with alterations of the protein’s protonation pat-
tern in solution [22, 30]. Unfortunately, considerations
of this kind cannot provide a general explanation for
the charge state distributions seen in ESI MS. It is well
accepted that in many cases the charge states seen in ESI
MS do not correlate with the protonation pattern of the
analyte in solution [27, 28]. This is especially obvious
for ESI MS of amino acids [23] and proteins [24, 25]
under reverse polarity conditions, where ESI generates
positively charged ions from the respective negatively
charged analyte molecules in solution (or vice versa).
The question remains whether alterations of a pro-
tein’s charge state in solution at least correlate with the
direction of the changes in its ESI charge state distribu-
tion. The data for the base-induced unfolding of ubiq-
uitin which are depicted in Figure 3A,C clearly show
that this is not the case: The isoelectric point of ubiquitin
is around 6.7 [55]. At this pH the overall charge of the
protein in solution is zero. The observation of {ubiquitin1
6H1}61 as the most intense ion in this pH range already
illustrates the disparity between ESI charge state distri-
bution and the charge state of the protein in solution.
More importantly, the base-induced unfolding transi-
tion leads from a charge-neutral, tightly folded state to
a multiply negatively charged, unfolded protein in
solution [56]. Exactly the opposite effect is observed in
the positive ion ESI charge state distribution: The base-
induced unfolding transition is accompanied by a shift
to higher (i.e., more positive) charge states. The changes
in the ESI charge state distribution are qualitatively
similar to those observed during acid-induced unfold-
ing. These data clearly demonstrate that the positive ion
ESI charge state distribution of a protein is not deter-
mined by the charges the protein carries in solution,
rather it is determined by the conformation of the
protein in solution. This conclusion is in accord with the
finding that alterations in the solution charge state do
not influence the ESI charge state distribution as long as
the protein conformation remains unchanged [12].
An interesting question is whether the different
maxima in the positive ion ESI charge state distribu-
tions observed at pH 2.0 and 11.7 (Figure 3B,C) corre-
spond to different degrees of unfolding in solution. In
view of the different CD spectra recorded for these
values of pH this seems to be very likely. However,
because ESI MS and CD spectroscopy monitor different
aspects of the protein structure no conclusive state-
ments can be made based on the data provided here.
Further studies using multidimensional NMR spectros-
copy could yield more detailed insight into the struc-
ture of the base-unfolded state of ubiquitin [46].
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